Objective: To assess the predictive value of C-reactive protein (CRP) level for postoperative infectious complications after colorectal surgery. Background: Postoperative infectious complications after colorectal surgery are frequent and associated with relevant short-and long-term sequelae. Therefore, the identification of a diagnostic tool for early recognition of postoperative infectious complications is of cardinal importance. Methods: A meta-analysis was performed for diagnostic studies evaluating CRP as a predictor for postoperative infectious complications on days 1 to 5 after colorectal surgery. Results: Six studies including a total of 1832 patients were identified. The best performance of CRP to predict postoperative infectious complications was on postoperative day 4, on which the mean CRP cutoff value was 135 mg/L (SD: 10 mg/L), the pooled sensitivity 68% (95% CI: 57%-79%), the specificity 83% (95% CI: 77%-90%) and the negative predictive value 89% (95% CI: 87%-92%). The pooled area under the receiver operating characteristic curve was 0.81 (95% CI: 0.73-0.89). Conclusions: This diagnostic meta-analysis of 1832 patients--the first in the literature-provides compelling evidence that C-reactive protein on postoperative day 4 has a high negative predictive value for infectious complications of 89%. Therefore, CRP measurement allows safe and early discharge of selected patients after colorectal surgery.
P ostoperative infectious complications represent a major clinical problem observed in up to 40% of patients after colorectal surgery. 1, 2 Early diagnosis and treatment are key to improving outcomes. [3] [4] [5] However, modern perioperative patient management programs demand very early patient discharges potentially associated with an increased risk of a delayed diagnosis and treatment of postoperative infectious complications occurring after patient discharge. Hence, in the current era of increasing cost-constraints, there is a strong need to convincingly exclude infectious complications after colorectal surgery.
Tillett and Francis 6 discovered CRP in 1930 and described it as the first acute-phase protein. CRP is highly expressed during the early immune response. After binding to dying cells or certain bacteria, CRP activates the complement system. Synthesized by hepatocytes, CRP is quickly upregulated after stimulation by cytokine interleukin-6. 7 There have been several attempts to use CRP to predict postoperative infectious complications after colorectal operations; however, the results were conflicting. One study failed to show a relevant diagnostic value of CRP, whereas other trials revealed a significant diagnostic value but differed in their time-point to measure CRP and their cutoff values. [8] [9] [10] [11] [12] [13] [14] Hence, it is key to clarify this relevant issue by summarizing the existing evidence in a meta-analysis. Therefore, the aim of the present meta-analysis was to assess the diagnostic value of CRP for the prediction and the exclusion of postoperative infectious complications after colorectal surgery.
METHODS
This meta-analysis was conducted according to the Metaanalysis of Observational Studies in Epidemiology statement. 15 When an included primary study did not match the Standards for Reporting of Diagnostic Accuracy statement, the authors were contacted to gather the necessary information. 16
Definition of the Target Condition
Postoperative infectious complications were defined as any septic event occurring after colorectal resections. This definition included intra-and extra-abdominal infections as well as surgical site infections.
Data Source
We searched PubMed for studies that correlated CRP with postoperative infectious complications after colorectal resections. The search was performed in March 2011. The following search string was used: ("C-reactive protein" OR "CRP") AND surgery AND (colon OR colonic OR rectum OR rectal OR colorectal) AND (diagnosis OR diagnostic OR predict OR prediction OR marker). The search was further limited to "clinical studies," human subjects, and articles with an abstract available in PubMed. No language restriction was applied. The abstracts obtained by the search in PubMed were reviewed for suitable articles. Full-text versions of the suitable articles were obtained and finally reviewed for inclusion in this study. In addition, the "related article" function of PubMed was applied to suitable articles and the reference lists of the retrieved articles were hand-searched to identify further articles. Two investigators (R.W. and U.B.) independently performed the literature search and review.
Data Extraction
The data were extracted independently by the same 2 reviewers (R.W. and U.B.). Any discrepancies between the 2 reviewers were resolved by discussion. Each reviewer extracted true-/false-positives and true-/false-negatives: in the 3 studies where this information was not directly available from the publication, the authors were contacted by e-mail to request the data. 8, 10, 12 All of the authors provided the additional information. For one study, we had direct access to the raw data. 13
Quality Assessment
The quality of reporting was assessed by the modified Quality Assessment of Diagnostic Accuracy Studies (QUADAS) checklist. 17, 18 Assessment was performed independently by 2 reviewers (U.B. and R.W.). Discrepancies were resolved by consensus in the presence of a third investigator (I.T.). The details of the methodological assessment are shown in Table 1 . The score was not used as an inclusion criterion or a weighting factor.
Statistical Analysis
Statistical analysis was performed using the R environment, Version 2.12.1 (http://www.r-project.org). For each POD, a summary receiver operating characteristic curve was constructed using the regression model of Littenberg and Moses. 19 The logarithmically transformed true-positive and false-positive rates of each study were included in a regression model generating a smoothed curve after back transformation. The curve represents the relationship between sensitivity and specificity, and the study heterogeneity can be attributed to threshold differences. 19 Separate meta-analyses were performed for the sensitivity and specificity of CRP on each POD using a random effects model. 20 Weights were calculated with the inverse variance method. Cochran's Q statistic was applied for the analysis of statistical heterogeneity. A Bayesian bivariate meta-analysis using integrated nested Laplace approximations was applied for each POD as a sensitivity analysis (priors included an inverse gamma distribution with a shape of 0.25 and a rate of 0.025). 21 Finally, the diagnostic odds ratio was calculated for each POD across all primary studies to evaluate the overall diagnostic performance. The diagnostic odds ratio is the ratio of the odds of a positive result in a patient with postoperative infectious complications compared to a patient without postoperative infectious complications: (sensitivity/[1−sensitivity]) / ([1−specificity] / specificity). It is a measure of the overall summarized diagnostic accuracy and is less affected by the applied thresholds and the prevalence. 22 The logarithm of the diagnostic odds ratio and its standard error were pooled and then transformed back for reporting. For a pooled estimate of the prevalence, a random effects model was applied. The 95% confidence limits for positive and negative predictive values were estimated according to an adopted Wald method. 23 
RESULTS

Study Selection and Data Extraction
The initial PubMed search yielded 296 publications. After a review of the abstracts, the full text of 18 publications was obtained. An additional 14 full-text articles were identified from the reference lists or the related article function of PubMed. Finally, 6 studies including a total of 1832 patients and assessing the diagnostic performance of CRP for postoperative infectious complications after colorectal surgery matched our search criteria (Fig. 1 ).
The quality of performing and reporting of the retrieved studies is presented in Table 1 . Table 2 summarizes the characteristics of the identified trials. None of the studies fulfilled all items of the QUADAS checklist. 17 Table 3 summarizes the cutoff values of the included studies. Except for POD 4, the cutoff values varied considerably. On this POD, the mean cutoff value was 135 mg/L.
Quantitative Data Synthesis for Postoperative Infectious Complications
All 6 included studies provided data for postoperative infectious complications. The rate of postoperative infectious complications varied between 11% and 39%, with a pooled estimate of 23.7% (95% CI: 16.2%-32.1%). The statistical heterogeneity of the analysis was considerable (P < 0.05). The summary receiver operating characteristic curves for POD 1 to 5 are shown in Figure 2 . The best performance of CRP for the prediction of postoperative infectious complications was on POD 4, as indicated by the highest area under the curve of the summary receiver operating characteristic. The results of the meta-analyses of the sensitivity and specificity for each POD are shown in Figure 3 . On POD 2, the pooled estimates for the sensitivity were the highest (0.75; 95% CI: 0.58-0.91), whereas the specificity was the lowest (0.58; 95% CI: 0.46-0.69). On POD 4, the highest specificity was reached (0.83; 95% CI: 0.77-0.90), with a corresponding sensitivity of 0.68 (95% CI: 0.57-0.79). On the basis of the pooled estimates, the positive predictive value was 55.7% (95% CI: 50.3%-61.1%), and the negative predictive value was 89.3% (95% CI: 87.1%-91.5%) on POD 4. The statistical heterogeneity for all meta-analyses was considerable (P < 0.1). Estimates of the sensitivity and specificity from a Bayesian bivariate meta-analysis, which analyzed sensitivity and specificity simultaneously, did not differ significantly (difference < 0.04) from the results in Figure 3 except for the specificity on POD 5, which was 0.85. The results of the meta-analyses with the diagnostic odds ratios as a single outcome variable are presented in Figure 4 . Again, the best performance of the CRP was found on POD 4, with a pooled diagnostic odds ratio of 11.7 (95% CI: 6.1-22.3). Thus, the odds of a patient with postoperative infectious complications having a CRP value above the threshold was 11.7-fold higher than the odds of a patient without postoperative infectious complications.
DISCUSSION
The present diagnostic meta-analysis including 6 studies and 1832 patients after colorectal surgery provides compelling evidence that CRP should be measured on POD 4 to best predict postoperative infectious complications. Although the CRP level only provided moderate sensitivity and specificity, the negative predictive value of 89% for postoperative infectious complications measured on POD 4 is high and thus allows safe and early discharge of patients after colorectal surgery if the CRP level is below the cutoff of 135 mg/L. The present meta-analysis--the first in the literature-helps to adhere to fast-track protocols and limited health care costs.
FIGURE 2.
Summary receiver operating characteristic curves postoperative infectious complications. Summary receiver operating characteristic curves were plotted for POD 1 to 5 to compare the diagnostic performance of CRP for the prediction of postoperative infectious complications. Each circle represents one study and is sized according to its weight ( ∼ =inverse variance). AUC is the area under the curve.
Within 6 hours after stimulation, CRP serum levels exceed normal values and peak after about 48 hours. CRP has a nearly constant serum half-life of about 19 hours. Therefore, the CRP serum concentration is determined by its synthesis rate and reflects the intensity of the stimulus for acute inflammatory responses. 24 Most importantly, CRP begins to increase before the occurrence of postoperative infectious complications, in contrast to clinical signs such as fever, tachycardia, and pain. 9 These characteristics of CRP make it an ideal predictor of postoperative infectious complications. The present meta-analysis confirms this expectation because the sensitivity and specificity of CRP were moderate, as was the pooled diagnostic odds ratio. The increase in CRP because of impending postoperative infectious complications was masked by an already high background level of CRP caused by the surgical stress. The best diagnostic performance of CRP was observed on POD 4, most likely because the postoperatively increased CRP levels had returned to lower levels. Furthermore, because a CRP increase precedes complications by about 3 days, 25 and most complications occur between POD 5 and 8, POD 4 is the ideal time point for early prediction of postoperative infectious complications. However, in clinical practice, this marker cannot be used in a "black-or-white" manner to distinguish patients with or without complications. However, as shown in our meta-analysis, a patient with a CRP level below 135 on POD 4 is very unlikely to have postoperative infectious complications. Conversely, if the CRP level on POD 4 exceeds this cutoff, the patient must not be discharged and should be followed with clinical examination, laboratory testing, and imaging if necessary to actively confirm or exclude imminent postoperative infectious complications. Over the past 2 decades, procalcitonin has been extensively investigated as another promising marker for systemic infections. In contrast to the initially encouraging results, a recent meta-analysis revealed a low diagnostic performance of procalcitonin for the discrimination of sepsis from systemic inflammatory response syndrome in critically ill patients. 26, 27 Therefore, it is questionable whether procalcitonin is superior to CRP to predict postoperative infectious complications. Again, in contrast to most clinical signs of postoperative infectious complications, which occur when a septic complication has already developed, the tremendous advantage of CRP is its increase before the development of postoperative infectious complications.
The high incidence of postoperative infectious complications observed in all studies included in this meta-analysis clearly shows the urgent need for reliable predictive indicators. Nearly 1 in 4 patients suffers from an infectious complication after colorectal surgery. The incidence of postoperative infectious complications explains the discrepancy between the high negative predictive value of 89% and the moderate sensitivity and specificity in the present meta-analysis. In the current area of fast-track surgery and Diagnosis-Related Groupbased reimbursements, the average length of hospitalization of patients after colorectal surgery has been greatly reduced. 28 Therefore, a tool to determine a patient's risk of impending postoperative infectious complications before hospital discharge would be valuable. The CRP cutoff value used in the present study provides a high negative predictive value. Indeed, a CRP value on POD 4 that is below the cutoff (135) provides an excellent level of confidence for a safe and early discharge of patients after colorectal surgery. However, the CRP cutoff value was the mean of the values used in the studies, which all determined the cutoffs by simultaneous optimization of sensitivity and specificity (ie, optimization of the Youden index of accuracy). By reducing the threshold, a negative predictive value of more than 95% could be achieved, which would make CRP an even stronger negative predictor for postoperative infectious complications. 13 There are several limitations to the present meta-analysis used. The statistical heterogeneity was considerable, which was probably due to the diverse designs of the included studies. All of the included studies shared a data-driven selection of the cutoff value for CRP rather than a clinically predefined cutoff and are therefore prone to biases in the diagnostic accuracy. 18, 29, 30 Furthermore, only a few studies were available for analysis, and most of them had small sample sizes. Thus, a possible bias cannot be excluded in terms of overestimation of the effect size. 31 There is also likely a reporting bias because studies that show no diagnostic value of CRP are rarely, if ever, published; however, we tried to identify negative studies. Finally, for most studies, an incorporation bias cannot be excluded because the CRP measurements were not blinded. Therefore, knowledge of the CRP level may have influenced the diagnosis of postoperative infectious complications.
CONCLUSIONS
In summary, CRP is best measured on POD 4 to predict postoperative infectious complications after colorectal surgery. A CRP value below a cutoff level of 135 on POD 4 strongly identifies patients after colorectal surgery who are not at risk of having a postoperative infectious complications and thus allows safe and early discharge of these patients. As postoperative infectious complications are frequent and colorectal surgery is very prevalent, our findings are likely to result in better patient care and a decrease in health care spending.
